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Abstract
We report the recent results on quarkonium (-like) states by the Belle experiment. A new charged charmonium-like
state Zc(4200)+ decaying to J/ψπ+ is observed with a signiﬁcance of 6.2σ. The mass and width of the Zc(4200)+ are
4196+31+17−29−13 MeV/c
2 and 370+70+70−70−132 MeV, respectively; the preferred assignment of the quantum numbers is J
P = 1+.
We also report the ﬁrst observation of the e+e− → ω[π+π−π0]χbJ (J = 1, 2) processes at a center-of-mass energy of
10.867 GeV. In the π+π−π0 invariant mass spectrum, signiﬁcant non-ω signals are also observed.
Keywords: Heavy quarkonia, Belle experiment
1. Introduction
We report results obtained on Belle [1] experiment
operates at the KEKB asymmetric-energy e+e− col-
lider [2]. We use a 711 fb−1 data sample collected at the
Υ(4S ) resonance and a 118 fb−1 data sample collected
at
√
s = 10.867 GeV. The Belle detector is described
elsewhere [1].
2. Observation of a new charged charmonium-like
state in B¯0 → J/ψK−π+ decays
We select events of the type B¯0 → J/ψK−π+ (where
inclusion of charge-conjugate modes is always implied),
with the J/ψ meson reconstructed via its e+e− and μ+μ−
decay channels. The selection procedure is described in
Ref. [4]. The beam-energy-constrained mass of the B
meson is deﬁned as Mbc =
√
E2beam − (
∑
i pi)2, where
Ebeam is the beam energy in the center-of-mass frame
and pi are the momenta of the decay products in the
same frame. We require |Mbc −mB| < 7 MeV/c2, where
mB is the B0 mass. A mass-constrained ﬁt is applied to
the B meson candidates.
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The Dalitz plot for the signal region is shown in
Fig. 1(a). The most prominent features are the verti-
cal bands due to the production of intermediate K∗(892)
and K∗2(1430) resonances. The Dalitz plot for the side-
bands is shown in Fig. 1(b), where the events primarily
accumulate in the lower left corner where the momen-
tum of pions is low.
The amplitude of the decay B¯0 → J/ψ(→ +−)K−π+
is represented as the sum of Breit-Wigner contributions
for diﬀerent intermediate two-body states. We per-
form an unbinned maximum likelihood ﬁt over the four-
dimensional space Φ. The masses and widths of all the
K∗ resonances except K∗0(800) are ﬁxed to their nomi-
nal values. The mass and width of the K∗0(800) are ﬁxed
to the ﬁt results in the default model without a Z+c (M
= 931 ± 21 MeV/c2, Γ = 578 ± 49 MeV); the case of
free mass and width is included in the systematic uncer-
tainty. The mass M and the width Γ of the Zc(4430)+
are free parameters.
A search for a Z+c with arbitrary mass and width is
performed. The considered spin-parity hypotheses are
JP = 0−, 1−, 1+, 2− and 2+. The 0+ combination is for-
bidden by parity conservation in Z+c → J/ψπ+ decays.
The ﬁt results for the Z+c mass, width and signiﬁcance in
the default model are shown in Table 1. The global sig-
niﬁcance with the systematic uncertainty is 6.2σ. Thus,
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Figure 1: Dalitz plots of the signal region (a), sidebands (b) and signal eﬃciency (c).
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Figure 3: Projections of the ﬁt results with (solid line) and without
(dashed line) the Zc(4200)+ (JP = 1+) onto the angular variables
in the default model for the region deﬁned by M2Kπ > 1.2GeV
2/c4,
16GeV2/c4 < M2J/ψπ < 19GeV
2/c4. Points with error bars are data.
a new Z+c state is observed. In the following, this state is
referred to as the Zc(4200)+. The preferred spin-parity
hypothesis is 1+. The signiﬁcance of the Zc(4430)+ with
the systematic uncertainty is 4.0σ. Thus we ﬁnd evi-
dence for a new decay channel of the Zc(4430)+.
The amplitude absolute values and phases in the de-
fault model are listed in Table 2.
We also consider other amplitude models: with-
out one of the insigniﬁcant K∗ resonances [K∗(1680),
K∗0(1950)]; with the addition of S-, P- and D-wave non-
resonant K−π+ amplitudes; with free Blatt-Weisskopf r
parameters; with free masses and widths of K∗ reso-
nances and with the LASS amplitudes instead of Breit-
Wigner amplitudes for all spin-0 K∗ resonances.
The signiﬁcances of the Zc(4200)+ for all models
other than the default are shown in Table 4. The min-
imal Wilks signiﬁcance for the 1+ hypotheses is 6.6σ;
the corresponding global signiﬁcance is 6.2σ.
The exclusion levels of the spin-parity hypotheses
(JP = jp, jp ∈ {0+, 1−, 2−, 2+}) for the default model
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Figure 4: The ﬁt results with (solid line) and without (dashed line) the
Zc(4430)+ (the Zc(4200)+ is included in the model).
are calculated using MC simulation. We generate MC
pseudoexperiments in accordance with the ﬁt result
with the jp Zc(4200)+ signal in data and ﬁt them with
the jp and 1+ signals. The resulting distribution of
Δ(−2 lnL) = (−2 ln L)JP= jp − (−2 ln L)JP=1+ is ﬁtted to
an asymmetrical Gaussian function and the p-value is
calculated as the integral of the ﬁtting function normal-
ized to 1 from the value of Δ(−2 lnL) in data to +∞.
The results are presented in Table 5.
We also generate MC pseudoexperiments in accor-
dance with the ﬁt results for the 1+ hypothesis, ﬁt them
with the jp and 1+ signals and obtain the distribution of
Δ(−2 lnL). This distribution is ﬁtted to an asymmetrical
Gaussian function and the conﬁdence level of the 1+ hy-
pothesis is calculated as the integral of the ﬁtting func-
tion normalized to 1 from −∞ to the value of Δ(−2 lnL)
in data. The resulting conﬁdence levels are shown in
Table 5.
For models other than the default, we do not use the
calculation of exclusion levels of the spin-parity hy-
potheses based on MC pseudoexperiments. Instead, the
signiﬁcance of the 1+ hypothesis over the jp hypothe-
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Table 1: Fit results in the default model. Errors are statistical only.
JP 0− 1− 1+ 2− 2+
Mass, MeV/c2 4318 ± 48 4315 ± 40 4196+31−29 4209 ± 14 4203 ± 24
Width, MeV 720 ± 254 220 ± 80 370 ± 70 64 ± 18 121 ± 53
Signiﬁcance (Wilks) 3.9σ 2.3σ 8.2σ 3.9σ 1.9σ
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Figure 2: The ﬁt results with the Zc(4200)+ (JP = 1+) in the default model. The points with error bars are data; the solid histograms are ﬁt results,
the dashed histograms are the Zc(4430)+ contributions, the dotted histograms are the Zc(4200)+ contributions and the dash-dotted histograms are
contributions of all K∗ resonances.
Table 2: The absolute values and phases of the helicity amplitudes in the default model for the 1+ spin-parity of the Zc(4200)+. Errors are statistical
only.
Resonance |H0| argH0 |H1| argH1 |H−1| argH−1
K∗0(800) 1.12 ± 0.04 2.30 ± 0.04 — — — —
K∗(892) 1.0 (ﬁxed) 0.0 (ﬁxed) 0.844 ± 0.010) 3.14 ± 0.03 0.196 ± 0.014 −1.70 ± 0.07
K∗(1410) 0.119 ± 0.027 0.81 ± 0.26 0.123 ± 0.038 −1.04 ± 0.26 0.036 ± 0.039 0.67 ± 1.06
K∗0(1430) 0.890 ± 0.028 −2.17 ± 0.05 — — — —
K∗2(1430) 4.66 ± 0.18 −0.32 ± 0.05 4.65 ± 0.18 −3.05 ± 0.08 1.26 ± 0.23 −1.92 ± 0.20
K∗(1680) 0.139 ± 0.043 −2.46 ± 0.31 0.082 ± 0.048 −2.85 ± 0.49 0.161 ± 0.056 1.88 ± 0.28
K∗3(1780) 16.8 ± 3.6 −1.43 ± 0.24 19.1 ± 4.5 2.03 ± 0.31 10.2 ± 5.2 1.55 ± 0.62
K∗0(1950) 0.241 ± 0.060 −2.39 ± 0.25 — — — —
K∗2(1980) 4.53 ± 0.74 −0.26 ± 0.16 3.78 ± 0.98 3.08 ± 0.28 3.51 ± 1.03 2.63 ± 0.34
K∗4(2045) 590 ± 136 −2.66 ± 0.23 676 ± 164 0.06 ± 0.25 103 ± 174 −1.03 ± 1.62
Zc(4430)+ 1.12 ± 0.32 −0.31 ± 0.26 1.17 ± 0.46 0.77 ± 0.25 H−1 = H1
Zc(4200)+ 0.71 ± 0.37 2.14 ± 0.40 3.23 ± 0.79 3.00 ± 0.15 H−1 = H1
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Table 3: The ﬁt fractions and signiﬁcances of all resonances in the
default model (JP = 1+).
Resonance Fit fraction Signiﬁcance (Wilks)
K∗0(800) (7.1
+0.7
−0.5)% 22.5σ
K∗(892) (69.0+0.6−0.5)% 166.4σ
K∗(1410) (0.3+0.2−0.1)% 4.1σ
K∗0(1430) (5.9
+0.6
−0.4)% 22.0σ
K∗2(1430) (6.3
+0.3
−0.4)% 23.5σ
K∗(1680) (0.3+0.2−0.1)% 2.7σ
K∗3(1780) (0.2
+0.1
−0.1)% 3.8σ
K∗0(1950) (0.1
+0.1
−0.1)% 1.2σ
K∗2(1980) (0.4
+0.1
−0.1)% 5.3σ
K∗4(2045) (0.2
+0.1
−0.1)% 3.8σ
Zc(4430)+ (0.5+0.4−0.1)% 5.1σ
Zc(4200)+ (1.9+0.7−0.5)% 8.2σ
Table 4: Model dependence of the Zc(4200)+ Wilks signiﬁcance.
Model 0− 1− 1+ 2− 2+
w/o K∗(1680) 3.2σ 3.1σ 8.4σ 3.7σ 1.9σ
w/o K∗0(1950) 3.6σ 2.8σ 8.6σ 5.0σ 2.6σ
LASS 3.8σ 1.0σ 6.6σ 5.2σ 2.3σ
Free m and Γ 2.4σ 1.6σ 7.3σ 4.6σ 1.9σ
Free r 5.0σ 2.6σ 8.4σ 4.5σ 0.9σ
N.r. A(S) 3.8σ 2.9σ 7.9σ 4.1σ 2.0σ
N.r. A(S,P) 3.7σ 2.4σ 7.7σ 3.7σ 1.4σ
N.r. A(S,P,D) 4.1σ 2.3σ 7.7σ 3.8σ 1.3σ
sis is estimated as
√
Δ(−2 lnL). The comparison of the
two methods for the default model is shown in Table 5.
The formula-based calculation results in smaller values
of the signiﬁcance than the MC-based calculation, and
thus it provides a conservative estimate of the signiﬁ-
cance. The results for all models are shown in Table 6.
The 1+ hypothesis is favored over the 0−, 1−, 2−, 2+
hypotheses at the levels of 6.1σ, 7.4σ, 4.4σ and 7.0σ,
respectively.
We perform a search for the Zc(3900)+, using the am-
plitude model with the Zc(4200)+ (JP = 1+) as a null
Table 5: Exclusion levels of the Zc(4200)+ spin-parity hypotheses and
conﬁdence levels of the 1+ hypothesis for the default model.
Jp MC
√
Δ(−2 lnL) 1+ C. L.
0− 8.6σ 7.9σ 26%
1− 9.8σ 8.7σ 48%
2− 8.8σ 7.6σ 40%
2+ 10.6σ 8.8σ 42%
Table 6: Exclusion levels of the Zc(4200)+ spin-parity hypotheses.
Model 0− 1− 2− 2+
w/o K∗(1680) 8.5σ 8.5σ 8.0σ 9.0σ
w/o K∗0(1950) 8.4σ 8.8σ 7.3σ 8.9σ
LASS 6.1σ 7.4σ 4.4σ 7.0σ
Free m and Γ 7.6σ 7.9σ 5.9σ 7.8σ
Free r 7.4σ 8.7σ 7.5σ 9.2σ
N.r. A(S) 7.6σ 8.1σ 7.2σ 8.5σ
N.r. A(S,P) 7.4σ 8.1σ 7.2σ 8.4σ
N.r. A(S,P,D) 7.2σ 8.1σ 7.1σ 8.4σ
hypothesis.All quantum number hypotheses with J ≤ 2
are considered (JP ∈ {0+, 1−, 1+, 2− 2+}). We limit the
mass and the width of the Zc(3900)+ in the same way as
for the Zc(4430)+. No signiﬁcant signal is found.
3. Observation of e+e− → π+π−π0χbJ and search for
Xb → ωΥ(1S) at √s = 10.867 GeV
We study the e+e− → π+π−π0χbJ (J = 0, 1, 2) pro-
cesses with subsequent χbJ → γΥ(1S ), Υ(1S ) → +−
( = e or μ) decays. The selection criteria is described
in [3]. The Υ(1S ) candidate is reconstructed from a
pair of oppositely-charged leptons. The χbJ candidates
are reconstructed from a candidate Υ(1S ) and a photon.
The γΥ(1S ) invariant mass distribution after event se-
lection is shown in Fig. 5, where the shaded histogram
is from the normalized non-π0 background events. Clear
peaking signals in the χb1 and χb2 mass regions are ob-
served.
An unbinned extended maximum likelihood ﬁt is ap-
plied to the γΥ(1S ) mass spectrum with Crystal Ball
functions as χbJ signal shapes and a ﬁrst-order polyno-
mial function as a background shape. Figure 5 shows
the ﬁt results. The statistical signiﬁcance of the signal is
estimated from the diﬀerence of the logarithmic likeli-
hoods, −2 ln(L0/Lmax), where L0 and Lmax are the like-
lihoods of the ﬁts without and with a signal component,
respectively. The signal signiﬁcances of χb1 and χb2 are
12σ and 5.9σ with systematic uncertainties included,
while the χb0 signal is not signiﬁcant. The ﬁt results are
summarized in Table 7. The Born cross section is calcu-
lated using σB = N · |1−Π|2/[L ·Bint · 
 · (1+ δ)], where
N is the signal yield, L is the integrated luminosity, Bint
is the product of the branching fractions of the inter-
mediate states to the reconstructed ﬁnal states, 
 is the
corresponding detection eﬃciency, 1+ δ is the radiative
correction factor and |1 − Π|2 is the vacuum polariza-
tion factor. In the MC simulation, trigger eﬃciency is
included, and initial state radiation is taken into account
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Figure 5: The γΥ(1S ) invariant mass distribution for selected e+e− →
π+π−π0γΥ(1S ) candidate events. The shaded histogram is from nor-
malized π0-sideband events. The solid curves are the best ﬁt for the
total ﬁt and background shape; the dash-dotted, dashed and dotted
curves represent the χb0, χb1 and χb2 signals, respectively.
by assuming the cross sections follow the Υ(10860) line
shape with a zero non-resonant contribution. The radia-
tive correction factor 1 + δ is 0.65 ± 0.05; the value of
|1 − Π(s)|2 is 0.929. The calculated branching fraction
B for each mode is also shown in Table 7, where the
total number of Υ(10860) events is (4.02 ± 0.20)×107
using σbb¯ ≡ σ(e+e− → bb¯) = (0.340 ± 0.016) nb and
assuming all the bb¯ events are fromΥ(10860) resonance
decays.
Figure 6(a) shows the scatter plot of M(π+π−π0) ver-
sus M(γΥ(1S )). Besides the clear ω signal in the χbJ
mass region, there is an obvious accumulation of events
above the ω mass region. Hereinafter, we denote these
events as (π+π−π0)non−ω events.
An unbinned two-dimensional (2D) extended max-
imum likelihood ﬁt to the π+π−π0 versus γΥ(1S )
mass distributions is applied to extract the ωχbJ and
(π+π−π0)non−ωχbJ yields. In this ﬁt, Crystal Ball func-
tions are used for the χbJ signal shapes, a Breit-Wigner
function and an Argus function (both are convoluted
with a Gaussian resolution function) represent theω and
(π+π−π0)non−ω shapes, respectively, and a linear func-
tion is used for the backgrounds. The Gaussian resolu-
tion function is obtained from MC simulation.
Figures 6(b-d) show the π+π−π0 mass projection for
9.8 GeV/c2 < M(γΥ(1S )) < 10 GeV/c2, and the γΥ(1S )
mass projection within and outside the ω signal region
(0.753 GeV/c2 < M(π+π−π0) < 0.813 GeV/c2), where
the shaded histograms are from the normalized π0 side-
band events. Clear χb1 and χb2 signals can be seen in
the γΥ(1S ) invariant mass spectrum, while no excess
of χb0 events above expected backgrounds is observed.
Figure 6: (a) The scatter plot of M(π+π−π0) versus M(γΥ(1S )) for
selected e+e− → π+π−π0γΥ(1S ) candidate events; and (b) the pro-
jections to M(π+π−π0) for 9.8 GeV/c2 <M(γΥ(1S ))<10 GeV/c2,
where the dashed and dash-dotted curves represent the ω and
(π+π−π0)non−ω events; the dotted curve shows the eﬃciency depen-
dence on M(π+π−π0). Projections of M(γΥ(1S )) (c) in theω signal re-
gion and (d) outside of ω signal region, where the dash-dotted, dashed
and dotted curves represent the χb0, χb1 and χb2 signals, respectively.
The solid curves are the best ﬁt for the total signal and background
shapes. The shaded histograms are from the normalized π0 sideband
events.
Figure 7: The ωΥ(1S ) invariant mass distribution. The dots with
error bars are from data, the solid histogram is from the normal-
ized contribution of e+e− → ωχbJ (J = 0, 1, 2) from MC sim-
ulation and the shaded histogram is from normalized ω mass side-
band events. The dashed histogram is from the MC signal sample
e+e− → γXb → γωΥ(1S ) → γπ+π−π0+− at √s = 10.867 GeV
with Xb mass ﬁxed at 10.6 GeV/c2 and yield ﬁxed at the upper limit
at 90% C.L.
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Table 7: Fitted signal yield, signal signiﬁcance (Σ), detection eﬃciency (ε), Born cross section (σB), branching fraction (B) and relative systematic
uncertainty (σ(1)sys for Born cross section and σ
(2)
sys for branching fraction).
Mode Yield Σ (σ) ε (%) σB (pb) B (10−3) σ(1)sys (%) σ(2)sys (%)
π+π−π0χb0 < 13.6 1.0 6.43 < 3.1 < 6.3 25 24
π+π−π0χb1 80.1 ± 9.9 12 6.61 0.90 ± 0.11 ± 0.13 1.85 ± 0.23 ± 0.23 14 12
π+π−π0χb2 28.6 ± 6.5 5.9 6.65 0.57 ± 0.13 ± 0.08 1.17 ± 0.27 ± 0.14 14 12
ωχb0 < 7.5 0.5 6.35 < 1.9 < 3.9 29 28
ωχb1 59.9 ± 8.3 12 6.53 0.76 ± 0.11 ± 0.11 1.57 ± 0.22 ± 0.21 14 13
ωχb2 12.9 ± 4.8 3.5 6.56 0.29 ± 0.11 ± 0.08 0.60 ± 0.23 ± 0.15 26 25
(π+π−π0)non−ωχb0 < 10.7 0.4 6.68 < 2.3 < 4.8 41 41
(π+π−π0)non−ωχb1 23.6 ± 6.4 4.9 6.88 0.25 ± 0.07 ± 0.06 0.52 ± 0.15 ± 0.11 21 20
(π+π−π0)non−ωχb2 15.6 ± 5.4 3.1 6.91 0.30 ± 0.11 ± 0.14 0.61 ± 0.22 ± 0.28 45 45
The ﬁt results with the calculated Born cross sections
and branching fractions are summarized in Table 7.
We search for the X(3872)-like state Xb in the pro-
cess e+e− → γXb with Xb → ωΥ(1S ) at √s = 10.867
GeV. The selection criteria are the same as in e+e− →
π+π−π0χbJ . Figure 7 shows the ωΥ(1S ) invariant mass
distribution with the requirement of M(π+π−π0) within
the ω signal region; we search for the Xb from 10.55
to 10.65 GeV/c2. No Xb signal is observed after apply-
ing all the event selection criteria. With the detection
eﬃciency of 8.1% and assuming that the observed sig-
nals come from Υ(10860) decays, we obtain the prod-
uct branching fraction B(Υ(10860) → γXb)B(Xb →
ωΥ(1S )) < 2.9 × 10−5 at 90% C.L.
4. Summary
An amplitude analysis of B¯0 → J/ψK−π+ decays in
four dimensions has been performed. A new charged
charmonium-like state Zc(4200)+ decaying to J/ψ and
π+ is observed with the signiﬁcance of 6.2σ. The mini-
mal quark content of this state is exotic: |cc¯ud¯〉. Its mass
and width are measured to be M = 4196+31+17−29−13 MeV/c
2
and Γ = 370+70+70−70−132 MeV. The preferred quantum num-
ber assignment is JP = 1+. Other hypotheses with
JP ∈ {0−, 1−, 2−, 2+} are excluded at the levels of 6.1σ,
7.4σ, 4.4σ and 7.0σ, respectively. Also, evidence for a
new decay channel→ J/ψπ+ of the Zc(4430)+ is found.
We observe clear π+π−π0χb1 and π+π−π0χb2 signals,
while no signiﬁcant π+π−π0χb0 signal is found. In the
π+π−π0 invariant mass spectrum, besides a clear ω sig-
nal, signiﬁcant non-ω signals are also observed. We also
search for the X(3872)-like state, Xb with a hidden bb¯
component decaying into ωΥ(1S ), in Υ(10860) radia-
tive decay. No signiﬁcant signal is observed for such a
state with mass between 10.55 and 10.65 GeV/c2.
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